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A METHOD OF IMPROVING THE PERFORMANCE OF MICROSTRUCTURES 

TECHNICAL FIELD OF THE INVENTION 
[0001] The present invention is related generally to the art of microstructures, and, more 
particularly, to processing of deformable elements of microstructures. 

BACKGROUND OF THE INVENTION 
[0002] Microstructures such as microelectromechanical devices (hereafter MEMS device) 
having deformable elements may suffer from device failure when the deformable elements 
deform plastically. For example, the operation states (e.g. the "natural resting state) of the 
MEMS device change due to plastic deformation which in turn cause differences between the 
states to vary over time. The change of the states and variation of the relative distances may 
affect the performance of the MEMS devices, especially those devices (e.g. micromirrors) 
whose operations depend upon the differences between the states (e.g. the ON and OFF state 
of the micromirrors). When the plastic deformation exceeds a certain amount, the states or 
the difference between the states exceeds the tolerable amount - causing device failure. 
[0003] Therefore, a method is desired for processing the deformable element of a MEMS 
device so as to improve the performance and lifetime of the device. 

SUMMARY OF THE INVENTION 
[0010] In an embodiment of the invention, a method for improving the lifetime of a 
microstructure having an element that plastically deforms and operates in a deformed and 
non-deformed state is disclosed. The method comprises: deforming the element to the 
deformed state; holding the element at the deformed state for a particular time period so as to 
acquire an amount of plastic deformation for the non-deformed state; and defining a new non- 
deformed state based on the original non-deformed state and the acquired plastic 
deformation. 

[0011] In another embodiment of the invention, a method for improving the lifetime of a 
microstructure that has a deformable element and operates in a deformed and non-deformed 
state, wherein the states vary over time due to a plastic deformation is disclosed. The method 
comprises: acquiring an amount of plastic deformation for the non-deformed state; defining a 
new non-deformed state according to the original non-deformed state and the acquired plastic 
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deformation; and operating the microstructure at the new non-deformed state and the 
deformed state. 

[0012] In yet another embodiment of the invention, a method of improving the life time of a 
microstructure that has a deformable element and operates in a deformed and non-deformed 
state, wherein the states vary over time due to plastic deformation in the deformable element, 
and the lifetime depends upon a difference between the states is disclosed. The method 
comprises: determining a range of the difference between the states such that the 
microstructure operates properly when the difference of the states varies within the range; 
and limiting the variation of the states such that the difference between the states is within the 
determined range, further comprising: adjusting the non-deformed state through acquisition 
of an amount of plastic deformation for the non-deformed state such that the distance 
between the adjusted non-deformed state and the deformed state is within determined range. 
[0013] In yet another embodiment of the invention, a method of improving the lifetime of a 
spatial light modulator having an array of micromirrors, wherein the micromirror has a 
reflective mirror plate attached to a hinge such that the mirror plate can rotate between an ON 
and OFF state is disclosed. The method comprises: setting a plurality of micromirrors of the 
array to a deformed state; waiting for a particular time period so as to acquire an amount of 
plastic deformation for a non-deformed state for each of the plurality of the micromirrors; and 
defining a new OFF state based on the original OFF state and the acquired plastic 
deformation. 

[0014] In yet another embodiment of the invention, a method of improving the lifetime of a 
spatial light modulator having an array of micromirrors, wherein the micromirror has a 
reflective mirror plate attached to a hinge such that the mirror plate can rotate between an ON 
and OFF state is disclosed. The method comprises: acquiring an amount of plastic 
deformation for the non-deformed state; defining a new OFF state according to the original 
OFF state and the acquired plastic deformation; and operating the microstructure at the new 
OFF state and the ON state. 

BRIEF DESCRIPTION OF DRAWINGS 
[0015] While the appended claims set forth the features of the present invention with 
particularity, the invention, together with its objects and advantages, may be best understood 
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from the following detailed description taken in conjunction with the accompanying drawings 
of which: 

[0016] FIG. 1 is a diagram illustrating the operation of a micromirror device having a 
mirror plate attached to a hinge such that the mirror plate can rotate along a rotation axis; 
[0017] FIG. 2 plots the droop angle versus operation over time in an exemplary experiment; 
[0018] FIG. 3a plots the droop angle versus time after straining according to the invention; 
[0019] FIG. 3b plots the extended view of the plot in FIG. 3a; 

[0020] FIG. 4 is a perspective view of a portion of an exemplary micromirror device in 
which embodiments of the invention can be implemented; and 

[0021] FIG. 5 is a perspective view of a portion of a spatial light modulator composed of an 
array of micromirrors in FIG. 4. 

DETAILED DESCRIPTION OF THE EMBODIMENTS 
[0022] The present invention disclosed a method for improving the performance and 
lifetime of a microstructure having a deformable element that plastically deforms and 
operates in a non-deformed state and a deformed state by straining the element. The 
improvement can be achieved by deforming the element in the deformed state and holding 
the element at the deformed state for a particular time period. The straining of the element 
can be expedited by performing the straining at raised temperatures. After straining, the 
deformable element acquires an amount of plastic deformation. A new non-deformed state is 
then defined for the operation of the microstructure according to the non-deformed state 
before straining and acquired plastic deformation after straining. 

[0023] Even though plastic deformation may be developed in the deformable element 
during operation after straining, causing variations of the states, the difference between the 
varied states is within a tolerable range and does not resulting in device failure. 

THEORY RELATED TO THE INVENTION 

[0024] The deformable element of the microstructure plastically deforms during operation. 
It is observed that the deformation increases with time monotonically; whereas the 
deformation rate decreases monotonically (the deformation rate is defined as the first order 
derivative of the deformation to time). Without losing generality, this theory will be 
discussed in the following with reference to operations of a micromirror device in FIG. 1 and 
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FIG. 2. It is understood by those skilled in the art that the following discussion is for 
simplicity and demonstration purposes only; and should not be interpreted as a limitation. 
Instead, the theory is applicable to other type of microstructures that have deformable 
elements. 

[0025] Referring to FIG. 1, the deformable element is hinge 124 to which mirror plate 122 
is attached such that the mirror plate rotates between the OFF and ON state as shown in the 
figure. The hinge deforms as the mirror plate rotates. During the rotation of the mirror plate 
between the ON and OFF state, plastic deformation can be developed in the hinge. As a 
consequence, the mirror plate will not be able to return to the original OFF state from the ON 
state under intrinsic mechanical restoration force (e.g. a torque induced during the course of 
rotation from the OFF state to the ON state immediately prior to the current rotation from the 
ON state to the OFF state). Instead, the mirror plate stops at an intermediate state A between 
the ON and OFF state. The intermediate state A and the OFF state has an angle 0. This 
phenomenon is referred to as "droop"; and the angle 9 is referred to as "droop angle". The 
droop angle changes over the operation time. FIG. 2 illustrates an exemplary development of 
the droop angle over time of the micromirror device that is operated in a natural environment. 
[0026] Referring to FIG. 2, each open circle represents a droop angle measured by holding 
the mirror plate at a deformed state (e.g. the ON state using an electrostatic force) for a time 
period; and releasing (e.g. removing the electrostatic force) the mirror plate to let the mirror 
plate to return to its natural resting state (e.g. can also be the OFF state) under the intrinsic 
mechanical restoration force in the hinge. The solid circle represents the OFF state angle. 
[0027] As can be seen in FIG. 2, the droop angle monotonically increases with the 
operation time, while the rate of the increment rate of the droop angle decreases with the 
operation time. In particular, the overall profile of the droop angle curve exhibits a 
characteristic of a burst growth followed by a slow growth. For example, the droop angle 
monotonically increases from the initial value of 0° degree to around 0.81° degree after 
10,300 hours of operation. However, the droop angle increases from 0° degree to around 0.5° 
degree after the first 170 hours of operation. That is, within the 10,300 hours of time scale, 
the droops angle achieves around 62% of the total angle within the first less than 2% of the 
total time period. And during the following 82% of total time period, the droop angle 
changes less than 38%. 
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[0028] As the droop angle increases, the "distance" between the ON and OFF state 
changes. The performance of the micromirror device, such as the contrast ratio of the 
displayed images certainly degrades. For example, assuming the tolerable maximum droop 
angle of the micromirror under the constraint of performance, such as contrast ratio or image 
retention requirement is 0.5° degree, the lifetime of the micromirror is around 170 hours 
according to FIG. 2. The image retention is often referred to as a phenomenon that an image 
is "burned" onto the screen after displaying the image on the screen for a period of time. The 
burned image on the screen will be displayed even though it is not intended to do so. 

Methods of the Invention 

[0029] In order to improve the lifetime of the microstructure, the deformable element is 
strained in compliance with the theory as discussed above prior to operation. The straining 
can be performed in many different stages of fabrications of the spatial light modulator. For 
example, the straining can be performed before or after assembling the microstructure, or 
before or after packaging of the spatial light modulator. If the straining is performed before 
joining the two substrates, an electrode can be provided for actuating the micromirrors. And 
it can also be performed after the spatial light modulator has been installed into a digital 
display system. In an embodiment of the invention, the deformable element (e.g. the hinge) 
is deformed to a deformed state by rotating the mirror plate attached to the hinge to the 
deformed state. The deformed state can be the ON state of the micromirror. For example, 
the ON state can be a state wherein the mirror plate is rotates to an angle of from 10° to 18° 
degrees relative to a state when the mirror plate is flat. Alternatively, the deformed state can 
be an intermediate state between the ON and OFF state. For example, assuming that the ON 
and OFF state angles corresponding to the ON and OFF state are respectively 1 8° degrees and 
0° degree, the intermediate state can be a state wherein the mirror plate is rotated to an angle 
of from 0° to 18° degrees. In another embodiment of the invention, the deformed state can be 
a negative OFF state, wherein the mirror plate is rotated to an angle of from -0.1° to -8° 
degrees. The minus sign "-" represents that the mirror plate is rotated in an opposite direction 
to the OFF state relative to the ON state. 

[0030] The hinge (also the mirror plate) is held at the deformed state for a particular time 
period. After the particular time period, the deformable hinge acquires an amount of plastic 
deformation at the non-deformed state (e.g. the OFF state). Then a new non-deformed state 
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(e.g. the OFF state) is defined based on the original non-deformed state (e.g. the non- 
deformed OFF state before straining) and the acquired plastic deformation. The micromirror 
device will be operated in the new defined non-deformed state. 

[0031] In an embodiment of the invention, the particular time period for holding the 
deformable element at the deformed state during straining is determined such that the 
acquired plastic deformation during the particular time period encompasses an amount of 
plastic deformation that accounts for a particular amount of the droop angle. In determining 
the straining time period, performance, such as contrast ratio of the displayed images need to 
be considered, because the change of the OFF state of the micromirrors due to the acquired 
plastic deformation during straining may degrade the quality (e.g. contrast ratio) of the 
displayed images. For example, the particular time period can be determined such that, after 
the particular time of straining, 1% or more, 1 .5% or more, 2% or more or 5% or more of the 
total droop angle developed over a significant long time of operation, such as 10,300 or more, 
or 30,000 or more or 50,000 or more hours. Of course, the deformable element can be 
strained for a longer time period such that after the straining, 60% or more, or 75% or more, 
80% or more of the total droop angle developed over the significant long time of operation. 
[0032] For the example as shown in FIG. 2, the particular straining time period can be 20 
minutes or more, or from 20 minutes to 24 hours, or 24 hours or more, or 170 hours or more. 
After around 10 hours of straining, the amount of plastic deformation acquired lifts the OFF 
state angle before starting by 0.2° degrees - that is the difference between the ON and OFF 
state is reduced by 0.2° degrees. Assuming the tolerable difference between the ON and OFF 
state for the micromirror is 0.6° degree or less (in practical operation, the tolerable difference 
is often much smaller, e.g. 0.25° degree), the life time for the micromirror device without 
straining would be around 500 hours. After straining, the life time can be more than 10,300 
hours because the difference between the new OFF state and the ON state is far below 0.6° 
degree over the 10,300 hours. Even though extra plastic deformation may still be developed 
in the deformable hinge during operation afterwards - causing variations of the states, the 
plastic deformation increases slowly according to the theory. As a result, the difference 
between the ON and new OFF state is within a tolerable range and does not resulting in 
device failure over a significantly long operation time (e.g. 10,300 hours or more). 
[0033] The particular straining time period can be determined in other alternative ways. In 
another embodiment of the invention, the straining time period can be determined according 
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to the maximum tolerable droop angle of the micromirror in operation. For example, 
assuming that the maximum tolerable droop angle (the difference between the ON and OFF 
state) for the micromirror in operation is 0 max after T max hours of operation, the straining time 
period can be determined such that, after the straining time period, the droop angle is equal to 
or smaller than the maximum tolerable droop angle 0 max . 

[0034] In determining the straining time period, relaxation of the acquired deformation 
needs to be included in consideration. Because the acquired plastic deformation in the hinge 
at the OFF state may relax over time during operation, the OFF state may change and the 
droop angle for the OFF state may decrease. As a result, the difference between the ON and 
OFF state may gain extra increment over time. In the droop angle versus operation time plot, 
the OFF state will not be in parallel to the time axis. Instead, the OFF state line in the plot 
decreases over time during operation, which is between illustrated in FIG. 3b and will be 
discussed afterwards. Given the phenomenon of the relaxation of plastic deformation over 
time, the straining time period is determined so as to include the increment of the difference 
between the ON and OFF state due to decreasing of the OFF state. 

[0035] As a way of example, the straining time for the deformable hinge can be range from 
3 minutes to 500 hours or preferably from 1 hour to 24 hours. The straining of the 
deformable hinge can be expedited by thermal treatment. For example, if the straining is 
performed before bonding the two substrates, the deformable element can be heated to a 
temperature of from 80° degrees to 300° or more, or from 300° to 500° degrees or more. If 
the straining is performed after the two substrates are bonded together during a packaging 
stage, the maximum tolerable temperatures of other materials, such as sealing materials and 
lubricant or coating agents (e.g. self-assembly material for reducing stiction) applied to the 
surfaces of the micromirrors need to be considered. In this situation, the temperature for 
straining the deformable elements is below the maximum temperature allowed by these 
materials, such as a temperature of from 80° to 120° degrees, or from 120 to 145° degrees or 
from 145° to 300° degrees. In selecting a proper heating temperature, other properties of the 
micromirror device need to be considered. For example, the selected heating temperature 
should be lower than the maximum tolerable temperature without causing defects or device 
failure. 

[0036] After straining, a new OFF state is defined for the micromirror. Accordingly, other 
parameters, such as the electrical field strength for driving the mirror plate to the ON state 
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need to be calibrated according to the new OFF state. For example, the micromirror at the 
ON state is often achieved by rotating the mirror plate attached to the hinge to the ON state 
angle in response to an electrostatic field. Because the strength of the field depends upon the 
distance between the mirror plate and the electrode, the strength is adjusted according to the 
change of the difference due to the change of the OFF state. 

[0037] The present invention is of particular importance in improving lifetime of a device 
having multiple deformable elements, such as a spatial light modulator having an array of 
micromirrors, each of which comprises a deformable hinge to which a mirror plate is 
attached. In order to improve the lifetime of the spatial light modulator, the micromirrors are 
strained according to the invention. FIG. 3a and FIG. 3b plot the development of the droop 
angle over time after straining in an exemplary spatial light modulator. 

[0038] Referring to FIG. 3a, the line with solid squares plots the droop angles (for all 
micromirrors) developed during the pre-straining process for 60 hours. After the 60 hours of 
pre-straining, the micromirrors in some areas are operated as fully ON ("white") as plotted in 
the dotted line with open circles, or in other areas the micromirrors remain OFF ("black") as 
plotted by the dotted line with solid circles. At selected period of time, the droop angles are 
measured. As can be seen in FIG. 3a, those micromirrors run in the ON or "white" areas 
shown an increase in their droop angles, whereas those micromirrors that are in the OFF or 
"black" areas shown a slight decrease in their droop angles over time. It is also possible to 
measure the contrast ratio in addition ot the droop angles at the selected time periods. 
[0039] As can be seen in figure 3a, the OFF state of the micromirror obtained an initial 
droop angle of around 0.4° degrees corresponding to an amount of plastic deformation 
acquired during the 60 hours of pre-straining. After the pre-straining, the micromirrors in the 
ON or "white" areas of the spatial light modulator still develop plastic deformation, causing 
the droop angle of the micromirrors to increase over time. Meanwhile the developed plastic 
deformation relaxes over time, causing the droop angle to decrease. The difference between 
the droop angles for the micromirrors held in the ON and OFF states increases over operation 
time. FIG. 3b illustrates the same plot in FIG. 3a in a wider operation time range. 
[0040] Turning to FIG. 3b, because the "initial" OFF state is "lifted" to an initial droop 
angle of around 0.4° degree, the difference between the ON and OFF state after 10,000 hours 
of operation is less than 0.5° degree, even though the droop angle for the micromirrors held in 
the ON state increases due to further acquisition of plastic deformation in operation. As a 
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comparison, assuming the maximum tolerable change in droop angle is 0.5° degree for the 
micromirror device of the spatial light modulator, the lifetime for the spatial light modulator 
without straining would be less than 170 hours. However, the lifetime of the spatial light 
modulator with straining is longer than 10,000 hours. 

[0041] The present invention is applicable to a variety of micromirrors. As a way of 
example, FIG. 4 illustrates an exemplary micromirror device. Referring to FIG. 4, the 
micromirror device comprises hinge 124 that is formed on substrate 120. A reflective mirror 
plate 122 is attached to the hinge such that the mirror plate can rotate relative to the substrate. 
The substrate in the example is glass that is transmissive to visible light. Alternatively, the 
hinge and the mirror plate can be formed on a standard semiconductor wafer. Moreover, the 
hinge can be formed on the same side of the mirror plate as the substrate. In this particular 
example, the mirror plate is attached to the hinge such that the mirror plate rotates 
asymmetrically. Specifically, the attachment point of the mirror plate to the hinge is neither 
at the center of the mirror plate nor along a diagonal of the mirror plate when viewed from 
the top. The mirror plate can also be attached to the hinge in many other ways. For example, 
the mirror plate is attached to the hinge such that the mirror plate rotates symmetrically along 
a rotation axis. FIG. 5 presents a portion of a spatial light modulator having an array of 
micromirrors of FIG. 4. The micromirrors of the spatial light modulator are individually 
addressable. 

[0042] The straining method of the present invention can be performed in many different 
stages of fabrications of the spatial light modulator. For example, the straining can be 
performed before or after packaging of the spatial light modulator. And it can also be 
performed after the spatial light modulator has been installed into a digital display system. 
[0043] In addition to micromirrors or spatial light modulators that have an array of 
micromirrors, the present invention can be applied to many other types of microstructures 
having elements that can be plastically deformed, such as microelectromechanical devices. 
In those microstructures, the deformable elements are strained before the devices are released 
for operation. The states of the devices are re-defined according to the acquired plastic 
deformation of the deformable element during the straining. Then the devices are operated in 
the re-defined states. In fact, the straining method of the present invention can also be 
applied to microstructures having elements that deform along the lengths, such as an element 
that stretch along its length. For this type of microstructures, the deformable elements are 
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held at the stretched states for a particular time period in order to acquire an amount of plastic 
deformation. New states are defined based on the states before straining and the acquired 
plastic deformation. The microstructure is then operated in the new states. 
[0044] It will be appreciated by those of skill in the art that a new and useful processing 
method for improving the lifetime of microstructures having elements that plastically deform 
during operation has been described herein. In view of many possible embodiments to which 
the principles of this invention may be applied, however, it should be recognized that the 
embodiments described herein with respect to the drawing figures are meant to be illustrative 
only and should not be taken as limiting the scope of invention. For example, those of skill in 
the art will recognize that the illustrated embodiments can be modified in arrangement and 
detail without departing from the spirit of the invention. Therefore, the invention as described 
herein contemplates all such embodiments as may come within the scope of the following 
claims and equivalents thereof. 
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